The removal of lead from aqueous dilute solutions by complexation-ultrafiltration with chitosan was studied. Experiments were performed as a function of aqueous pH, chitosan/Pb 2 þ ratio, and background electrolyte concentration. The value of pH was found to be the most important parameter to effect the lead removal. The lead removal rate reaches the plateau at almost 100% when the chitosan and lead ratio goes more than 4.0 at pH 6.0. With transmembrane pressure (TMP) 0.1 MPa, chitosan/Pb 2 þ ratio 4 and pH 6, the lead removal rate decreases sharply from 99.2% to 19.5% as the adding NaCl concentration increases from 0 to 500 mmol. The regeneration of the chitosan by acidification using diafiltration technique was further performed. In the end, the effect of regenerated chitosan on the lead removal was evaluated. At the optimum experimental condition of pH 6.0, regenerated chitosan/Pb 2 þ ratio 4 and TMP 0.10 MPa, the lead removal rate was found to be 96.2%, which is almost the same as that obtained on the original chitosan.
INTRODUCTION
Health effects of lead can occur at low levels of exposure and can subtly affect blood pressure, kidneys and children's mental abilities. Consistent high exposures over a number of years can cause anemia, muscle weakness, tremors, reproductive problems, kidney damage and digestive problems.
The removal and recovery of lead from wastewater is of significant importance in the protection of environment and human health (Bayhan et al. 2001) .
In recent years, considerable attention has been devoted to the development of innovative techniques for reducing heavy metals in aqueous systems to acceptable levels (Kurniawan et al. 2006 ). Among the various processes used for relatively low concentration of the metal ion removal from the wastewater of large volume, the technique of complexation-ultrafiltration (also called polymer enhanced ultrafiltra-tion, PEUF) was proved to be a promising alternative to traditional separation technologies (Baticle et al. 2000; Aroua et al. 2007; Zeng et al. 2009 ). This process is not only adequate to reduce heavy metal concentration to acceptable regulatory standards, it also provides the potential to recover and upgrade the metal. It is based on the principle that the polymers with larger molecular weights than molecular weight cut-off (MWCO) of UF membranes can bind heavy metal to form macromolecular complexes and be retained by UF membranes. After this UF process, the almost metal-free permeate stream can be discharged directly or reused for specific purposes. The metal-rich rejected stream can then be decomplexed into metal ions and regenerated polymer by lowering pH. A second step of UF is then followed to regenerate polymer to be used again in the metal removal The Chitosan, a poly(D-glucosamine), is prepared from chitin by deacetylating its acetamido groups. Its amine groups and hydroxyl groups can act as chelating sites for metal ions.
In addition to its binding ability, it has been described as a natural polymer with many other excellent properties such as biocompatibility, biodegradability, non-toxicity and relatively low cost (Verbych et al. 2005) . Therefore, chitosan has begun to being used for some heavy metal ions removal through complexation-ultrafiltration process (Juang & Chiou 2000; Juang & Shiau 2000; Verbych et al. 2006; Aroua et al. 2007 ).
However, until recently there has been no report on the removal of lead by complexation-ultrafiltration process using chitosan.
High degrees of small solute removal are attained using a diafiltration (DF) mode in which the small solute is effectively washed through the membrane, and away from the product, by the continuous (or discontinuous) addition of new buffer (Kurnick et al. 1995) . The most common approach is to perform the diafiltration using a constant retentate volume, in which case the small solute concentration in the product solution can be evaluated from a simple mass balance as (van Reis & Zydney 1999):
where N D is the number of diavolumes, which is equal to the total collected filtrate volume divided by the constant retentate volume during the diafiltration process. S i is the small solute sieving coefficient ( ¼ 1-removal rate), defined as the ratio of the solute concentration in the filtrate solution to that in the retentate. This diafiltration technique has been successfully used to extract the maximum amount of metal ions and regenerate the polymer as pure as possible in some cases (Juang & Chiou 2000; Zeng et al. 2009 ).
The objective of this study was to examine the removal efficiency of lead from aqueous solutions by a complexation-UF process with chitosan. Experiments were performed as a function of aqueous pH, chitosan/Pb 2 þ ratio, and background electrolyte concentration. Diafiltration experiment using a constant retentate volume was further performed after the decomplexation to recover the chitosan.
MATERIALS AND METHODS

Experimental materials
The membranes used were polyethersulfone with MWCO of 
RESULTS AND DISCUSSION
Effect of pH on the lead removal Figure 2 shows the effect of pH on the lead removal at different chitosan/Pb 2 þ ratios. The lead removal rate was low at low pH in the absence of chitosan, indicating that the small pores in the UF membrane probably reject or absorb the small amount of lead. At higher pH, the lead removal rate goes high to almost 100% due to hydroxide precipitation (Christensen & Delwiche 1982) . It was observed that the lead removal rate increases as the value of pH increases for all the chitosan/Pb 2 þ ratios and reaches a plateau starting from pH 6.0. This could be attributed to the major role of the amino groups of chitosan chain, which served as coordination sites for Pb 2 þ binding. In acidic conditions, the amino groups of chitosan are protonated after reacting with H þ ions as follows.
Having the unshared electron pair of the nitrogen atom as the sole electron donor, the non-protonated chitosan binds with the unsaturated transition Pb 2 þ through the formation of coordination bond. The donor-acceptor interaction between chitosan and Pb 2 þ is indicated by Equation (3):
where R C NH 2 represents the amino group of chitosan and n is the number of the unprotonated chitosan bound to the lead. Combination of Equations (2) and (3) gives the overall reaction as follows:
Equation (4) clearly suggests that an increase in pH would enhance the formation of metal-chitosan complexes, hence leading to lead removal rate increase. Figure 2 also shows that the lead removal rate rises with the increase of the chitosan/Pb 2 þ ratio at the same pH. At high chitosan/Pb 2 þ ratio, there are more available complexing sites to bind lead due to the high chitosan concentration.
While at low chitosan/Pb 2 þ ratio, the available complexation sites are not enough to bind all lead. The large amounts of free metal ions exist and pass through the membrane, causing the lead removal not efficient.
Effect of chitosan/Pb 2 þ ratio on the lead removal
The pH value is one of the most important parameters determining the binding capacity of Pb 2 þ with chitosan. different chitosan/ Pb 2 þ ratios show that pH 6.0 is the appropriate choice for the complexation-ultrafiltration process to remove lead from aqueous solutions. Figure 3 shows the effect of chitosan/Pb 2 þ ratio on lead removal at pH 6.0. It is observed that the lead removal increases as the chitosan/ Pb 2 þ ratio increases and reaches a plateau after chitosan/ Pb 2 þ ratio of 4. Considering from both the lead removal rate and the economical cost of chitosan, the optimum chitosan/ Pb 2 þ ratio was chosen to be 4 for further complexationultrafiltration process for the lead removal.
The lead removal experiments at different pH values and
Effect of background electrolyte on the lead removal Figure 4 shows the effect of adding salt concentration on lead removal. Ultrafiltration experiments at all the different ionic strengths (0, 10 mmol, 50 mmol, 100 mmol and 500 mmol)
were conducted with the applied pressure of 0.1 MPa, chitosan/Pb 2 þ ratio of 4 and pH value of 6. The lead removal rate decreases sharply after the ionic strength greater than 100 mmol, while the removal rate is comparatively high at 99.2% without any NaCl added. This phenomenon was also observed by Barron-Zambrano et al. (2004) , and Verbych et al. (2006) . Increasing the salt concentration of the solution leads to compression of the electric double layer, thus to reduction in the binding between ions and chitosan. As a result, the unbound lead in the solution passes through the membrane, leading to lower removal rate.
Diafiltration for regenerating chitosan
Diafiltration experiments were conducted after decomplexation of lead and chitosan, and the results are shown in The generated chitosan from the diafiltration experiments was used again to repeat the complexation-UF process, using the optimum experimental conditions of pH 6.0, chitosan/ Pb 2 þ ratio 4 and pressure 0.10 MPa. The lead removal rate was found to be 96.2%. This is almost the same as that obtained on the original chitosan, which confirms that the diafiltration technology after acidification of chitosan and lead complex is effective to recover chitosan to be used again.
CONCLUSIONS
The removal of lead from aqueous dilute solutions by complexation-ultrafiltration with chitosan was studied. Solution pH was found to be the major factor that determines the removal rate of lead using complexation-ultrafiltration process. Rejection of lead almost 100% was achieved at pH higher than 6.0. When the chitosan and lead ratio goes more than 4.0 at pH 6.0, the lead removal rate reaches the plateau at almost 100%. The background electrolyte concentration is also found to have a significant effect on the lead rejection. The lead removal rate goes down to only 19.5% in the solution with ionic strength of 500 mmol compared to the removal rate of 99.2% with no background electrolyte added. Diafiltration technology after the acidification of chitosan-lead complex was further proved to be effective to recover chitosan. Results indicate that two-step process of complexation-UF and decomplexation-UF separation could be a promising method for lead removal and recovery from aqueous solutions.
